Clinical studies have suggested that the enumeration of mycobacteria by using automated liquid systems is a faster and simpler alternative to quantitative cultures. Here, we show that the time to detection of M. tuberculosis growth as measured with the MGIT 320 liquid culture system inversely correlates with CFU determinations from culture on solid media and that mycobacterial quantification using the MGIT system is faster and easier to perform than CFU plating.
T
he limited effectiveness of the Mycobacterium bovis BCG vaccine in preventing adult pulmonary tuberculosis (TB) and the increasing incidence of deadly multidrug-resistant M. tuberculosis strains emphasize the need to develop improved vaccination strategies against TB (1) (2) (3) . However, the recent disappointing results from the MVA85A TB vaccine trial in South Africa suggested that the search for new approaches to TB immunization is just beginning (4) . Currently, most new vaccines against TB are evaluated in a multistep preclinical process that often includes testing in two or more animal models (5) . Although established models are available for assessing novel TB vaccine preparations in mice, guinea pigs, rabbits, and nonhuman primates, testing new vaccines in these models is slow and often not reproducible in different laboratories. A time-consuming component of the vaccine evaluation protocols is the enumeration of postchallenge organ mycobacterial burdens by colony counting on solid media. Standard CFU determinations are labor-intensive, hampered by the tendency of mycobacteria to clump, and sometimes fail due to contamination (6) . In many TB vaccine testing labs, CFU determinations can vary within different experiments because of the absence of standardized reagents for solid media preparation. Most importantly, CFU determinations are slow; usually about 3 weeks of incubation are required to detect colonies on mycobacterial growth plates (7) .
For more than a decade, the MGIT liquid media system has been increasingly employed to assess whether M. tuberculosis bacilli are present in clinical specimens (8) (9) (10) (11) . The MGIT system uses an oxygen-quenching fluorescent sensor and appropriate software algorithms to determine whether significant mycobacterial growth has occurred (12) . The instrument reports this bacterial growth as the time to detection (TTD). Overall, the MGIT system has been shown to be highly sensitive and to shorten the time needed to detect M. tuberculosis in clinical samples by 1 to 3 weeks (relative to growth on solid media). Several multicenter studies have demonstrated that MGIT-based protocols for detecting drug-resistant M. tuberculosis strains are relatively rapid and highly reproducible between different laboratories (13) (14) (15) . Interestingly, the TTD measurements obtained using the automated liquid systems have been shown to closely compare with the results of CFU counting on solid media, and therefore the MGIT system represents a viable alternative to CFU determinations in evaluating responses to TB chemotherapy (9) .
To potentially improve the reproducibility of preclinical vaccine assessments and to accelerate the testing process, we evaluated how the MGIT system compared to CFU counting in the quantification of mycobacteria during both in vivo and in vitro preclinical TB vaccine effectiveness assessments. For the in vivo testing, mice were vaccinated and challenged by the aerosol route with the Erdman strain of M. tuberculosis as described previously (16) . Then, mycobacterial burdens were determined in lung homogenates from naive and immunized mice by using Middlebrook's 7H11 solid agar plates (supplemented with oleic acid-albumin-dextrose-catalase and containing the antibiotics trimethoprim, cycloheximide, ampicillin, and thiophen 2-carboxylic acid hydrazide) and the MGIT liquid system (as described by the manufacturer [Becton, Dickinson]). For the in vitro analysis, mycobacterial growth inhibition assays using murine cocultures of M. tuberculosis-infected bone marrow macrophages and immune or naive spleen cells were established using protocols described earlier (17) . Mycobacteria were quantified at day 7 for the cocultures on Middlebrook's 7H11 plates and the MGIT system. In our initial studies, we assessed the relationship between inoculum size and TTD for a standard culture of the M. tuberculosis Erdman strain, where the inoculum ranged from 10 0 CFU to 10 7 CFU by comparing CFU plating results with MGIT data. In this experiment, a highly significant (P Ͻ 0.0001) linear inverse correlation was detected when the TTD of increasing CFU was evaluated over a 7-log 10 range (Pearson r value, Ϫ0.99540). After establishing that TTD values from preclinical experiments inversely correlated with inoculum size, we compared MGIT and CFU results from 6 ongoing experiments in which vaccinated mice had been challenged with M. tuberculosis Erdman. For these studies, the infected lungs were homogenized in 5 ml of phosphate-buffered saline-Tween 80 and then serial dilutions of lung homogenates were plated for CFU determinations, while 0.5-ml aliquots of the 10 Ϫ2 dilutions were added to MGIT tubes. These six experiments included assessing the long-term efficacy of BCG when administered by the subcutaneous and intranasal routes (Table 1 , studies 1, 2, 4, and 5), the long-term postvaccination and postchallenge effectiveness of BCG vaccine and the secA2 gene-deleted M. tuberculosis mutant (study 6), and the effectiveness of the ESAT6 antigen 85B (E6-85) M. tuberculosis fusion antigen formulated in trehalose dibehenate/dimethyldioctadecylammonium bromide (TDB/DDA) adjuvant or expressed from a DNA vaccine (study 3) (16, 17) . As seen in Table 1 , when significant reductions in lung CFU were detected for vaccinated groups relative to naive controls, significant increases in the TTD were observed for the same samples. Overall, when the data from the six preclinical M. tuberculosis studies were combined, a highly significant inverse correlation (P Ͻ 0.001) was seen between CFU and TTD values (r ϭ Ϫ0.9601).
Recently, there has been a renewed interest in using in vitro mycobacterial growth inhibition assays to evaluate vaccine activity in clinical trials and to characterize the potency of newly manufactured vaccine preparations (17) (18) (19) . To investigate whether MGIT TTD analyses are useful in quantifying mycobacteria for in vitro assays, coculture assays were generated with splenocytes recovered from vaccinated or naive mice and bone marrow macrophages infected with M. tuberculosis Erdman as previously described (17) . In this study, mice were vaccinated with an adenoviral or DNA construct expressing E6-85, the E6-85 protein formulated in TDB/DDA adjuvant, conventional BCG vaccine, or the BCG mmaA4 mutant suspended in the same adjuvant (20) . After 7 days of incubation, mycobacteria were quantified on the Middlebrook's 7H11 agar or in the MGIT tubes. For these experiments, 0.1 ml (final volume, 0.65 ml) was used to generate dilutions for CFU plating, while triplicate 0.5-ml samples were added directly to the MGIT tubes. Data from a representative experiment (Table 2) show that the E6-85-based vaccines induced significant in vitro protective responses, while the BCG vaccine and especially the BCG mmaA4/adjuvant preparation were extremely protective. Once again, an inverse correlation was observed between the M. tuberculosis CFU reductions in immune cell cultures (relative to naive controls) and the corresponding TTD values. A correlation analysis (Table 2 ) again showed a highly significant inverse relationship (P ϭ 0.0012; r ϭ Ϫ0.9710) between CFU and TTD results.
Taken together, our results demonstrate that the MGIT system mycobacterial quantification results are highly correlated with CFU data during preclinical in vivo and in vitro evaluations of TB vaccines tested against the M. tuberculosis Erdman strain. Importantly, the MGIT results were usually available 7 to 10 days before the CFU data. Interestingly, similar highly significant correlations were also recently seen between CFU plating results and MGIT data for in vivo and in vitro TB vaccine studies when using the Beijing-type M. tuberculosis HN878 strain (M. Parra, unpublished data). In summary, the MGIT data are comparable to CFU results, the MGIT analysis shortens the assay period by at least 1 week and is easy to perform, and the MGIT system is better standardized than CFU determinations done on solid media by most laboratories. Thus, the MGIT analysis should be strongly considered as an alternative for CFU testing during preclinical assessments of TB vaccines. 
